Chemical investigation of the marine sponge Spongia sp., collected from the Fiji Islands resulted in the isolation of three new furanoditerpenoids 1-3, along with the known compounds epispongiatriol (4) and 17,19-dihydroxyspongia-13(16),14-dien-2,3dione (5) While 1 is a new spongian diterpene with a modified oxidation pattern, compounds 2 and 3 represent two new ring A-contracted spongians, displaying a novel and unprecedented nor-spongian carbon skeleton. Despite their labile nature the structures could be established through a combined strategy including complete analysis of spectroscopic data (NMR, MS), molecular modeling and quantum-mechanical calculations.
Spongians are a family of natural products based on the tetracyclic diterpenoid spongian skeleton ( Figure  1 ) that have been isolated from several Dictyoceratid and Dendroceratid marine sponges [1, 2] . These metabolites were also found in nudibranchs [3] which are known to sequester these compounds from their sponge diets and use them to deter predation [4, 5] . Aside from their role as eco-physiological mediators, spongians are also of interest as possible therapeutic agents. Several spongian-type compounds possess significant cytotoxic [6] [7] [8] , antiviral [7, 8] , antihypertensive, antifungal, antimicrobial and antiinflammatory activity [2] , as well as thyrotropin releasing hormone receptor 2 (TRH-R2) affinity [9] . As part of our screening program for novel and biologically active natural products from Fijian invertebrates this paper reports on the isolation and structure elucidation of three new spongians from a sponge identified as Spongia sp. (order Dictyoceratida, family Spongidae). Two of the isolated metabolites 2, 3 are the first examples of nor-spongians possessing a five-membered ring A representing the first members of an unprecedented and novel basic carbon skeleton class.
In a preliminary screening the dichloromethane extract of the sponge Spongia sp. was potently toxic to brine shrimp and showed antifungal activity towards Microbotrium violaceum (∅ 3 mm total growth inhibition) in an agar diffusion assay. Chromatographic separation of this extract (normal-phase Si VLC) yielded three fractions enriched with diverse terpenoid compounds as determined by 1 H NMR analysis. Further fractionation (semi-preparative reversed-phase HPLC) led to the isolation of three new 1-3, and two known spongians epispongiatriol 4 [6, 10, 11] and 17,19-dihydroxyspongia-13(16),14-dien-2,3-dione 5 [4] . The identity of the known metabolites 4 and 5 was readily established by comparison of their spectral properties with those reported [4, 6, 10, 11] . 1 H and 13 C NMR chemical shifts of 5 previously unassigned [4] are reported here in Tables 1 and 2. Spectral analysis and comparison with literature data revealed that compound 1 is very closely related to isospongiadiol [7, 12, 13] , previously isolated from marine sponges of the genus Spongia [7, 14] and Hyatella [12] . Differences in the 1 H and 13 Analysis of the 13 C NMR, 1 H-1 H-COSY ( Figure 2 ) and 1 H-13 C-HMBC spectrum of 2 confirmed it to possess identical connectivity and substitution pattern w.r.t. the B/C/D ring system as found in compounds 1, 4 and 5 but differed in the architecture of ring A. Besides the 14 signals in its 13 C NMR spectrum attributable to rings B, C and D, compound 2 showed five further signals for: a methyl group (δ 16.3), a quarternary carbon (δ 51.4), a ketone (δ 223.2) and two methylene groups, one being oxygenated (δ 56.1 and 68.0). The A ring structure may be delineated by interpretation of the HMBC data of 2 ( Figure 2 ). The methylene group at δ 56.1 (C-1) was deduced to be connected to C-10 on the basis of HMBC correlations between H 3 -20 and C-1, C-9 and C-10. HMBC coupling between H 2 -1 and C-2 placed C-1 adjacent to the ketone carbonyl group C-2. Two and threebond HMBC correlations from the oxygenated methylene group (H 2 -18) to C-2, C-4 and C-19 and from the methyl group (H 3 -19) to C-2 and C-4 showed both C-18 and C-19 to be bond to C-2 via C-4. The remaining linkage between C-4 and C-5 to obtain ring A closure followed by deduction.
Thus the A ring of compound 2 is thought to possess a substituted cyclopentanone structure. The architecture of ring A has been observed in ring-A-contracted nortriterpenoids [16] [17] [18] (see Supplementary Data) but has never been reported in the spongiadiene skeleton, making metabolite 2 not only the fifth example of nor-spongianes sensu stricto [6, 14, 19] but also with its novel carbon skeleton the first representative of the class of 3-nor-spongians. For 2 the trivial name 3-nor-spongianone A is proposed. 1 H and 13 C-NMR and MS analysis of 3 indicated similarity to 2. 1 H-1 H-COSY and 1 H-13 C HMBC data confirmed its connectivity as for 2. Hence, 3 had the same planar structure as 2, and the two molecules must differ in the configuration of one or more of the chiral centers C-4, C-5, C-8, C-9 or C-10. When comparing the NMR data of 2 and 3, remarkable differences of the 13 C NMR chemical shifts for C-4, C-5, C-18 and C-19 were observed ( Table 2 ). These data indicated 3 to be the C-4 epimer of 2 and the name 3-nor-spongianone B is proposed. With the planar structures of 2 and 3 determined, the configuration, especially at C-4 required resolution.
Unfortunately, like compound 1, both 2 and 3 also proved to be unstable and decomposed rapidly which prevented the recording of any NOE data and therefore a conventional analysis of the relative configuration. However, from the assumed biogenetics, the relative configurations of rings B, C and D were assigned 5R * , 8S * , 9R * , 10R * . The configuration at C-4 was suggested by comparison of 1 H and 13 C NMR data of 2 and 3 with those of the synthetic model compound 2-hydroxymethyl-2methylcyclopentanone [20] . In particular, the 13 C NMR shift value of the methyl group at C-4 of 2 (<20 ppm) pointed to a 4R * configuration for 2 and consequently 4S * for compound 3 (See Supplementary Data) . In order to consolidate this hypothesis, the NMR analysis was complemented by quantum-mechanical predictions of 13 C NMR chemical shifts [21, 22] . Both epimers were subjected to a conformational search using MM/MD and low energy conformer families were ranked on the basis of energy. The geometries were optimized at the density functional theory (DFT) level and subsequently the respective 13 C NMR shift values were predicted. In case of the 4R-configurated 3-nor spongianone A 2, three low-energy conformers differing in the dihedral OH/C-18/C-4/C-2 were obtained via simulated annealing simulation and used as input structures for the DFT-optimization. The calculated relative energies of the three conformers (dihedral OH/C-18/C-4/C-2: -66.7° / + 175.3° / 48.7°) were 0 kJ mol -1 / 20.23 kJ mol -1 / 2.59 kJ mol -1 , which resulted in Boltzmann-derived populations of 73.8% / 0% / 26.2%. In the same way, the 4Sconfigured diastereomer was built and the relative populations of three conformers were estimated as 81.8% / 17.5% / 0.7%. With the calculated 13 C chemical shift of TMS as reference the calculated 13 C chemical shifts of 3-nor-spongianone A 2 and 3-norspongianone B 3 are shown in the Supporting Information. Comparison of the calculated data with the experimentally determined values of 13 C NMR resonances revealed a systematic error for carbons of the carbonyl function and the furan ring which were in both cases underestimated. This error is inherent in the methodology and occurs with the calculation of sp 2 hybridized carbons, especially with those resonating in the range of δ 140-220 [23] . Further deviations between calculated and measured carbon shift can be observed in compound 2 at carbons C-7 and C-17 which can be traced to the presence of a conformer differing in the arrangement of the hydroxymethyl group at C-8 which is energetically preferred over the actual conformation. In order to evaluate which model epimer fits best the experimental data, at first the sum of the squared differences (SSD) of the whole molecule was determined and furthermore the deviation per atom, expressed as the root of SSD, in ring A, representing the region of interest was analyzed. The experimental values of 3-nor-spongianone A 2 showed the best fit with the calculated data of a model of 3-norspongianone A (∑(δ calc of 2 -δ exp of 2 ) 2 = 404.9 ppm 2 vs. ∑(δ calc of 3 -δ exp of 2 ) 2 = 444.4 ppm 2 ) and at the same time the experimental values of 3-nor-spongianone B 3 fit best to the calculated values for the model of 3-nor-spongianone B (∑(δ calc of 3 -δ exp of 3 ) 2 = 296.8 ppm 2 vs. ∑(δ calc of 2 -δ exp of 3 ) 2 = 444.2 ppm 2 ). Considering only the subset of ring A (carbonyl carbon atom excluded), the deviation per atom between the model and real compound, also supported the previous assignment of the epimers. The deviation per atom between the 3-norspongianone A model to the experimental values is 0.73 ppm for compound 2, and 1.06 ppm for 3. In the same way, starting with the calculated values for the 3-nor-spongianone B model, the comparison with the experimental values for 2 leads to a per atom deviation of the subset of 1.91 ppm, which was significantly higher than the deviation from the experimental values of metabolite 3 which amounts to 0.96 ppm per atom. In conclusion, the quantummechanical calculations independently support the initial assignment of the epimers 2 and 3.
Two plausible biosynthetic pathway hypotheses, describing the formation of compounds 2 and 3 are presented in the Supplementary Data. Briefly, both hypotheses start from 17,19-dihydroxyspongia-13(16),14-dien-2,3-dione 5 which was also isolated from this animal. In the first proposed biosynthesis route, a CC-bond cleavage between C-3 and C-4 occurs, followed by a ring closure, this time between C-2 and C-4, leading to a ring contraction of ring A. During this reaction the single bond along C-4 and C-5 of the intermediate allows rotation prior to ring closure which could explain the inversion of the configuration at C-4. Subsequent decarboxylation of C-3, now located outside ring A, leads to the 3-norspongians 2 and 3. Alternatively, starting from compound 5, the contraction of ring A could be also generated by a benzilic acid rearrangement. Following this hypothesis, dependent on which ketone group attacked by a hydroxide anion, C-2 or C-3 would be placed outside of ring A and a subsequent decarboxylation would lead to 2-nor-or 3-nor-spongians, respectively. However, since the stereochemistry is determined during this rearrangement process, an epimerization at C-4 can be considered as improbable and thus could explain only the existence of compound 3 but not 2. Due to the presence of both epimers in a 1:1 ratio, the first biosynthetic hypothesis leading to 3-nor-spongians is favored and was also chosen regarding the nomenclature of compounds 2 and 3.
Experimental
General Experimental Procedures: UV and IR spectra were obtained employing Perkin-Elmer Lambda 40 and Perkin-Elmer Spectrum BX instruments, respectively. VLC grade (40-63 µm) Si gel was used for vacuum liquid chromatography. All organic solvents were distillated prior to use. HPLC was carried out using a Waters system consisting of a 600 pump, a 996 PDA, and a 717 plus autosampler. 1 H and 13 C NMR spectra were recorded on a Bruker Avance 300 DPX spectrometer in CDCl 3 . NMR spectra were referenced to residual solvent signals of CDCl 3 at δ H/C 7.26/77.0. Optical rotations were measured with a Jasco DIP 140 polarimeter. ESI mass spectra were obtained on an Applied Biosystems/MDS Sciex API 2000 MS spectrometer.
Animal material: The sponge sample Spongia sp. was collected from the Fiji Islands in 1999 and stored in EtOH at -20ºC until workup. A voucher specimen has been deposited at the Institute for Pharmaceutical Biology, University of Bonn, voucher number CT199LL&MM.
Biological activity: Brine shrimp (Artemia salina) toxicity was measured as previously described [24] . In agar diffusion assays the crude extract was tested against the bacteria Bacillus megaterium and Escherichia coli, the fungi Microbotrium violaceum (Ustomycetes), Eurotium repens (Ascomycetes), Mycothypha microspora (Zygomycetes), and the green microalga Chlorella fusca (Chlorophyceae). The crude extract was dissolved in MeOH to give a concentration of 1 mg/mL. 50 µL of this solution (= 50 µg) was pipetted on a sterile filter disk (∅ 9 mm). The disk was dried, placed on the appropriate agar surface then sprayed with a suspension of the corresponding test organism and incubated for 24 h (B.m. and E.c., both on NB medium), two days (E.r. on M 40 Y medium) or one week (M.v. on MPY medium and C.f. on CP medium), respectively. Benzylpenicillium (50 µg), streptomycin (50 µg) and miconazole (25 µg) was included as a positive control. The radii of the resultant zones of inhibition were measured from the edge of the filter disks. Samples displaying partial growth inhibition zone ≥ 3 mm or a total inhibition zone ≥ 1 mm were considered a positive result [25, 26] .
Extraction and Isolation:
The sponge sample (513.5g wet weight) was extracted repeatedly with CH 2 Cl 2 (5 x 1 L) to produce 1.92 g of crude organic extract. This material was fractionated (silica gel vacuum liquid chromatography) using a stepwise gradient solvent system of increasing polarity starting from 20% EtOAc in petroleum ether to 100% EtOH to yield eight fractions. 1 H NMR profiling of these fractions indicated the 100% EtOAc and two 50% EtOH in EtOAc fractions to be of further interest due to the presence of heteroaromatic resonances. RP-HPLC separation of the first of these fractions (column: Knauer C 18 Eurospher-100, 250 x 8 mm, 5µm; MeOH/H 2 O (50:50), 1.5 mL/min) afforded compounds 2 (2.8 mg), 3 (2.7 mg), 5 (4.4 mg) and an additional furanoditerpenoid (1.6 mg) which decomposed before complete NMR analysis. Re-chromatography of the remaining two VLC fractions using the same RP-HPLC conditions provided compounds 1 (15.9 mg), 4 (14.2 mg) and additional quantities of compound 5 (3.5 mg).
Computational methods: Molecular modeling calculations were performed on a double dual-core Opteron-based workstation. Calculation time for geometry optimization ranged from 2 to 4 hours. Compounds 2 and 3 were built using DISCOVER (via InsightII program package, Accelrys TM , San Diego, CA). A consistent valence force field (CVFF) was chosen. A high temperature (900° K) molecular dynamic / minimization simulated annealing was performed and the resulting energy-minimized structures were used as starting structures for Gaussian03 TM calculations [27] . The models were geometry optimized using Becke`s three parameter hybrid functional in conjunction with the correlation functional of Lee, Yang, and Parr [28] [29] [30] and the 6-31G(d) basis set. The energies at 298.15 K and 1 atmosphere of pressure were calculated by DFT. The lowest energy conformer was taken as reference, set to 0 kJ/mol, and the resulting energy differences were used to calculate populations according to the Boltzmann distribution. B3LYP/6-31G(d) level calculations were used for determination of the chemical shift. Frequency calculations were carried out to characterize the optimized structures as energy minima (no imaginary frequencies occurred) and to obtain the sum of electronic and thermal free energies. The calculated 13 C chemical shift values of each conformer were Boltzmann-weighted according to the DFT-calculated energies.
Isospongiatriol, 2α,17,19-trihydroxyspongia-13(16),14-dien-3-one (1)
Colorless oil (15.9 mg, 0.003% of wet weight). 1 H NMR: Table 1 . 13 C NMR: Table 2 Supplementary data: Underwater photographs of the sponge, 1 H and 13 C NMR spectra of compounds 1-5, comparisons of NMR spectroscopic data of 1 with isospongiadiol and of compound 2 with those published for closely related compounds, quantummechanical predictions of 13 C NMR chemical shifts for 2 and 3, and two biosynthesis hypotheses.
